Abstract An attempt was made to improve the spatio-temporal resolution of the tangential X-ray crystal spectrometer (XCS) on the Experimental Advanced Superconducting Tokamak (EAST) by evaluating experimentally the applicability of a novel X-ray photon detection technology for measuring the satellite spectra of Ar XVII with a high counting rate. High-resolution experimental data on the profiles of ion temperature and plasma rotation velocity facilitate the studies of the mechanisms underlining important physical phenomena, such as plasma heating, L-H transition and momentum transport. Based on silicon diode array and single-photon counting technology, a relatively small area (83.8×33.5 mm 2 ) two-dimensional detector was successfully installed and tested in the recent EAST campaign. X-ray photon counting rate higher than 20 MHz was observed for the first time, and high quality satellite spectra were recorded for ion temperature and plasma rotation measurement, indicating that the new technology is suitable for the next-step high-resolution XCS on EAST, and the deployment of a detector array with a much larger X-ray sensing area is planned for better plasma coverage.
Test of a High Throughput Detector on the X-ray Crystal
Spectrometer of the EAST * LU 
Introduction
High spectral-resolution poloidal and tangential Xray crystal spectrometers were recently developed on EAST to obtain the profiles of impurity ion temperatures and toroidal and poloidal rotation velocities for plasmas with ohmic heating and auxiliary heating [1∼3] . Compared with the active charge exchange recombination spectrometer (CXRS), the passive XCS does not depend on the usage of a heating neutral beam (NBI) or a diagnostic neutral beam (DNB) and is also not limited by the pulse length of the neutral beam [1] . Although CXRS can provide local measurements of ion temperature and rotation velocities, the chord-averaged measurement of XCS is still a good approximation of the local quantities. The reason is that helium-like argon, which is the dominate state in the electron temperature range of 1∼2 keV, is core localized [4] . Also, inversion techniques are readily available to obtain the local temperature and velocity from XCS measurements [5] . Since there is still no CXRS available on EAST, XCS is especially suitable for ion temperature and rotation measurement of long pulse discharges on EAST for studies on steady-state high-performance operation scenarios [6] . The XCS systems on EAST are based on spherically bent crystals and two-dimensional position-sensitive multi-wire proportional counters (MWPC) to record spatially and temporally resolved X-ray spectra that are emitted by helium-like argon ions (Ar XVII), covering a very narrow band of wavelength ranging from the resonance line (w) at 3.9494Å to the forbidden line (z) at 3.9944Å. Spherically curved crystals can focus both meridional and sagittal rays, thus improving the throughput of X-ray photon to the detector compared to the conventionally cylindrically curved crystals. Ion temperature, electron temperature, and plasma rotation can be inferred from the Doppler width, line intensity ratio, and Doppler shift of the helium-like lines, respectively [1∼3] . Currently, with MWPC X-ray detectors, 150 goldenplated tungsten wires (10 µm thick and 2 mm apart) were incorporated as the anodes and a xenon mixture gas (xenon 78%, C 2 H 6 22%, CF 4 4%) was used as the photon sensing medium. The initial electronics limits the count rate so that the detector can only han-dle counting rate up to 400 kHz [7] . Optimization was performed by segmenting the detector into two identical parts with each containing an independent electronics to raise the total counting rate of the detector [8] . Even with this improvement, the detector was easily saturated during experiments with high-power auxiliary heating, thus the temporal resolutions of the acquired spectra is limited. To study the fast L-H transition, the formation of internal transport barrier (ITB), and energy and momentum transport, data with high spatial-temporal resolution are in urgent need. One way to achieve this is to increase the effective counting rate that the detector can handle. In the current investigation, a new X-ray detecting technique based on single-photon counting mode was tested on EAST's tangential XCS, which allows for high X-ray photon throughput [9] . Experimental setup and preliminary experimental results are presented in the following sections.
Tangential XCS setup
The design and physical layout of the current tangential XCS were described in detail in Ref. [2] . We only briefly review here. Similar to the poloidal XCS, the tangential XCS were mainly comprised of a spherically bent 110 quartz crystal (2d = 4.913Å), a segmented 2D MWPC, and associated vacuum ducts (Fig. 1) . The crystal is a circular disk with a diameter of 100 mm and a radius of curvature of 3750 mm. To acquire the full satellite spectra of Ar XVII, the crystal was aligned at a mean Bragg reflection angle of 53.95
• , which results in the meridional and sagittal focal lengths of 9868 mm and 3032 mm, respectively. The line of sight is oblique to the magnetic axis of EAST at an angle of 22.5
• , so that ∼38% of the rotation velocity is measured. To obtain the best spatial resolution, the instrument layout follows the conventional Johann configuration in which the detector and the plasma center are located closely to the meridional and sagittal focuses, respectively. The best achievable spatial resolution at the plasma center is ∼4 mm when the crystal is 9200 mm from the plasma and 3032 mm from the detector. Since the crystal is masked with a copper window, the effective crystal height is 60 mm and about 900 mm-high plasma column can be imaged onto the 300 mm-high MWPC. The spatial resolution of the detector depends on the applied high voltage to the anode and is estimated to be 0.3 mm. The current system layout renders a spectral resolution of λ/(∆λ)∼12,000.
To improve the temporal resolution of the spectrometer, a new X-ray detecting technique adopting single photon counting method was tested on the tangential XCS [9] . The two-dimensional PILATUS 100K-S detector consists of 487×195 silicon diode pixels (172×172 µm 2 ) with each pixel acting as a single photon detector with a 20-bit dynamic range (Fig. 2) . The pixels are covered by a 20 µm-thick aluminized mylar foil for protection. In the current investigation, the detector replaces the original MWPC while keeping the previous optical layout. The small pixels also help to improve the spectral resolution. The pixel-type detector has high quantum efficiency and good energy resolution around 3.0 keV. Combined with advanced electronics, the detector can handle counting rate over 2 MHz. It also has very short read-out time of 2.7 ms and a high frame rate of 200 Hz to ensure a good time resolution. The detector is 83.8 mm wide and 33.5 mm high, which views the plasma over a range of ±5 cm above/below the equatorial plane. The technique has been proved to be successful on C-Mod, where spatially resolved highresolution spectra have been observed [10, 11] . 
Preliminary experimental results
Trace amount of argon is readily injected in EAST discharges to provide seeding for the diagnostic purposes [1] . With the new PILATUS detector, it is expected to record the satellite spectra of Ar XVII at a high counting rate, which is very desirable for discharges with high-power auxiliary heating. Fig. 3 shows the time-integrated spectrally and spatially resolved Ar XVII spectra of an LHCD discharge (#36057) in which the highest counting rate was recorded. Good-quality spectra were also achieved, which contain helium-like lines: w, x, y and z, lithiumlike n=2 satellites: q, r, a, k, some n=3 satellites, and numerous unresolved satellites with n ≥ 4, with the notations identified using Gabriel's notation [10] . Fig. 4 plots the waveforms of the typical target parameters for the same discharge. For this particular discharge, the line-averaged electron density varies between 1.2×10 19 m −3 and 2.0×10 19 m −3 . Loop voltage drops from about 2.0 volts to less than 0.5 volts with the injection of a 1.0 MW LHW, indicating effective noninductive current drive. The recorded counting rate was less than 1 MHz at the early stage of the discharge and then rose abruptly to as high as 26 MHz at about 4.1 s. The large increase in the counting rate follows the same trend as measured by the soft X-ray radiation intensity measurement. This might be related to the density jump at the same instant and possibly impurity accumulation in the core region. Central ion and electron temperatures were determined from the Doppler broadening and line intensity ratio of the satellite spectra. With the application of an LHW, electron temperature rose to about 1.4 keV, while the ion temperature remained relatively stable around 0.8 keV. The electron temperature also dropped after 4.1 s due to the increase in electron density and rose again when the electron density slightly decreased. Ion temperature is also shown to increase slightly after 4.1 s, which may be explained by the increase in electron density, since energies transferred from electrons to ions are larger at higher densities.
Soft X-ray pulse height analyzer (PHA) diagnostics is another method for measuring electron temperatures on EAST. For this particular discharge, only data before 4.1 s was available due to high X-ray counting rate caused saturation of the detectors. A comparison made between XCS and PHA is shown in Fig. 5 for the central electron temperature. It can be seen that the electron temperature derived from XCS is higher than that from PHA. It might be explained from the way the electron temperature is derived from XCS data. The electron temperature is determined by comparing the intensity of satellites (n=2 or n >=3) to the resonance line (w), where the intensity ratio is a unique function of electron temperature. The calculation presented in this paper was based on the intensity ratio between n ≥ 3 satellites and the resonance line (w), which is a monotonously decreasing function of electron temperature. Since lower hybrid wave is absorbed by electrons through Landau damping, it is very likely that a highenergy tail is created in the electron's energy distribution function [13] . This high-energy tail will enhance the resonance line, since the resonance line is excited as long as the electron energy exceeds the threshold value (3.1 keV for Ar XVII). On the contrary, the excitation of the satellites only accepts incoming electrons at energies well below the high-energy tail with the width determined by thermal motion of the ions. So its intensity is not affected even when the distribution is not Maxwellian. For LHCD plasmas, it is very possible that the enhanced resonance line decreases the intensity ratio between the satellites and the resonance line, and thus results in a higher apparent electron temperature. The change of toroidal plasma rotation velocity relative to the value at 1.0 s was also derived from the Doppler shift of the resonance line (w). It can be seen that the rotation velocity increased to as high as 30 km/s and was in the direction of plasma current. Starting from 4.1 s, the rotation decreased and reached a steady-state value of about 10 km/s in about 0.5 s. This may arise from the increased radiated power as indicated by the increase in soft X-ray intensity emitted by the impurities, which is caused by the accumulation of impurities in the bulk plasma.
From Fig. 4 , one can notice that due to the large difference in the counting rate before and after 4.0 s, the temporal resolution improves from 100 ms to 20 ms with similar uncertainty in the derived results, indicating that the time resolutions can be substantially improved with elevated counting rate.
Summary
To improve the temporal resolution of XCS data, the feasibility of a new X-ray detecting technique was evaluated experimentally. Based on a single-photon counting mode and large dynamic range, it is possible to raise the counting rate above 20 MHz, which could substantially improve the resolution to below 20 ms without large statistical uncertainty in the results. The resolution can be further improved by optimizing the amount of argon injection and the optical layout of the XCS. A plan was made to deploy a new detector array with an area comparable to the original MWPC to cover the plasma up to r/a = 0.9 with improved spectral and temporal resolution.
